We demonstrate a high-performance gas sensor using partially reduced graphene oxide ͑GO͒ sheets obtained through low-temperature step annealing ͑300°C at maximum͒ in argon flow at atmospheric pressure. The electrical conductance of GO was measured after each heating cycle to interpret the level of reduction. The thermally reduced GO showed p-type semiconducting behavior in ambient conditions and were responsive to low-concentration NO 2 diluted in air at room temperature. The sensitivity is attributed to the electron transfer from the reduced GO to adsorbed NO 2 , which leads to enriched hole concentration and enhanced electrical conduction in the reduced GO sheet. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3086896͔
The use of nanostructured materials in gas detection applications has attracted considerable interest in developing sensors with exceptional performance. Graphene, a twodimensional ͑2D͒ monolayer of sp 2 -bonded carbon atoms, 1 has been demonstrated as a promising sensing material 2,3 because of its unique and outstanding mechanical, 4 thermal, 5 and electrical 1, 6 properties. In particular, graphene has extremely high electron mobility at room temperature and the electron transport in graphene remains ballistic up to 0.3 m at 300 K.
1 Its 2D structure makes every carbon atom a surface atom so that electron transport through graphene can be highly sensitive to adsorbed molecules. For instance, mechanically exfoliated graphene has demonstrated a potential ability to detect gases down to the single molecular level.
2
The gas sensing mechanism of graphene is generally attributed to the adsorption/desorption of gaseous molecules ͑which act as donors or acceptors͒ on the graphene surface, leading to changes in the conductance of graphene.
Graphene can be obtained through various physical and chemical routes. Mechanical cleavage of graphite was the initial method to produce single-layer graphene sheets; 6 however, this approach has no control over the number of layers and is an inefficient process that is not suitable for largescale production. Epitaxial growth of graphene layers requires high temperatures and ultrahigh vacuum, 7 which is costly and thus may limit the application of graphene. Chemical vapor deposition recently has been reported to produce large-area graphene films, 8 but a purification process may be needed to eliminate the catalyst particles and obtain clean graphene sheets.
A potential method to cost-effectively mass produce graphene-based devices is to first produce graphene oxide ͑GO͒ and then reduce it to obtain graphene for device applications. Chemically modified graphene such as GO has been produced by chemical exfoliation of graphite through oxidation and the subsequent dispersion in water. 9 The basal planes and edges of GO are decorated with oxygen functional groups, [10] [11] [12] which make GO soluble in water. Singlelayer GO sheets can be generated by simple sonication of hydrophilic graphite oxide in water. GO is electrically insulating but it can become conductive by exposing it to reducing agents, such as hydrazine, 13 NaBH 4 , 14 through hightemperature treatment, 15 or via UV-assisted photocatalysis. 16 Recently, low-temperature annealing reduction in GO has been reported. 17 Chemically reduced GO using hydrazine has shown excellent performance for detection of acetone, warfare agents, and explosive agents at parts per billion concentrations with greatly reduced noise levels compared to sensors based on carbon nanotubes ͑CNTs͒.
3 However, the above-mentioned sensor fabrication involved toxic chemicals. Chemical reduction using hydrazine was also found to introduce extra nitrogen functional groups on graphene surface, 18 which may slow down the sensing response. 19 Here we demonstrate a high-performance gas sensor using GO that was partially reduced by low-temperature annealing in Ar at atmospheric pressure. The simple and low-cost manufacturing process and the wide availability of GO could lead to cost-effective, practical implementation of graphene sensors.
Graphite oxide was synthesized by the oxidative treatment of purified natural graphite using the modified Hummers method. 20 The graphite oxide was then fully exfoliated in water to produce suspensions of single GO sheets. The existence of oxygen functional groups makes GO sheets strongly hydrophilic; stable aqueous dispersions containing almost entirely 1-nm-thick sheets can be obtained by a mild ultrasonic treatment of graphite oxide in water. 13 The sensing device was fabricated by dispersing the GO suspension onto Au interdigitated electrodes 21 with both finger width and interfinger spacing ͑source-drain separation͒ of about 1 m. These electrodes were fabricated using an e-beam lithography process on a Si wafer with a top layer of thermally formed SiO 2 ͑200 nm͒. A few drops of the GO suspension were cast onto Au interdigitated electrodes and a discrete network of GO sheets was left on the wafer after the solvents evaporated. A single GO sheet bridging a pair of neighboring Au electrode fingers is shown in the scanning electron microscopy ͑SEM͒ image in Fig. 1 .
Both two-terminal dc and three-terminal field effect transistor ͑FET͒ measurements were performed on the device. The back of the silicon wafer was used as the gate electrode for FET measurements. The sensing performance was characterized at room temperature against low-concentration NO 2 diluted in dry air. Variations in the electrical conductance of GO were monitored when the device was exposed periodically to clean air and NO 2 -laden air. Three successive heating cycles in the order of 100, 200, and 300°C were performed on the GO device. The duration for each heating cycle was 1 h and an Ar flow of 0.8 lpm was maintained during the process.
Electrical conductance of the GO device was measured by ramping source-drain voltage ͑V ds ͒ and simultaneously recording source-drain current ͑I ds ͒ to evaluate the influence of thermal treatment on the device characteristics. GO is normally electrically insulating at room temperature with its resistance on the order of tens of gigaohm, as indicated by the I ds -V ds curve A in Fig. 2 . This can be explained by the presence of epoxide and hydroxyl groups on both sides of the basal plane and carbonyl and carboxylic groups on the edges of GO, 10 leading to extensive existence of sp 3 -hybridized carbon atoms. Although there are regions of unsaturated carbon atoms, i.e., nanometer-sized graphitic domains, 22 these regions are separated by areas of oxidized carbon atoms. GO stays nonconductive unless more clusters of graphitic atoms can be restored by removing oxygen functional groups to decrease the distance between graphitic domains, resulting in charge transport via variable range hopping, 22 or even to create continuous graphitic "paths" for charge transport. The device with as-deposited GO showed no response to 100 ppm NO 2 , indicating insignificant change in the electrical transport property of the nonreduced GO. After annealing in Ar at 100°C for 1 h, resistance of the device only slightly decreased, which agrees with Jung et al. 17 The resulting GO device was still insensitive to 100 ppm NO 2 . Reduction may have slightly occurred under the above heating condition; however, the reduction was insufficient to make GO conductive and introduce enough reactive sites on the GO surface for gas adsorption and thus sensing.
With further annealing at 200°C for 1 h, the device resistance went down to ϳ750 k⍀, as estimated from the curve B in Fig. 2 , implying that GO sheets were partially reduced. Of course, the significant reduction in device resistance could also be partly attributed to the improvement in the electrical contact between GO sheets and Au electrodes during the annealing process. The linearity and symmetry of the I ds -V ds curve indicate possible Ohmic contact between reduced GO sheets and Au electrodes. Thermal treatment could pyrolyze and remove oxygen functional groups from GO, which recovers graphitic regions and makes GO more conductive. Release of CO, CO 2 , and H 2 O has been detected during the thermal reduction of GO. 19, 23 Yang et al. 18 reported partial reduction in GO by exposure to an Ar flow at 200°C for 30 min and found that the carbon-to-oxygen atomic ratio increased from ϳ2.8 to ϳ3.9. It was also reported that the electrical conductivity of individual GO sheets significantly increased by heating in vacuum at only 125-240°C, indicating a partial reduction in the GO. 17 The partially reduced GO was highly responsive to NO 2 most likely due to the recovery of many graphitic carbon atoms as active sites for NO 2 adsorption. Vacancies or small holes were possibly created in thermal treatment and these defects may also serve as adsorption sites for gaseous molecules.
19 Figure 3͑a͒ shows a typical dynamic response ͑current versus time͒ of the device for NO 2 detection after the 200°C thermal treatment. The sensor operated at room temperature and was periodically exposed to clean dry air flow ͑2 lpm͒ for 10 min to record a base value of the sensor conductance, NO 2 diluted in air ͑2 lpm͒ for 15 min to register a sensing signal, and clean air flow ͑2 lpm͒ again for 25 min to recover the device. Upon the introduction of NO 2 , the sensor current went up, i.e., the conductance of the sensor increased. The sensing signal ͑proportional to the spike height with NO 2 on͒ decreased with decreasing NO 2 concentrations from 100, to 50, and to 25 ppm. The inset of Fig.  3͑a͒ shows the sensor response to 2 ppm NO 2 , where the conductance increased ϳ12% with 40-min NO 2 exposure. Assuming a linear relationship between conductance change and NO 2 concentration, this sensitivity is comparable to the sensor based on mechanically cleaved graphene, which showed ϳ4.3% increment in conductance for 1 ppm NO 2 . 2 The resistance of the GO device further decreased by a factor of ϳ10 after 300°C annealing ͑curve C in Fig. 2͒ , indicating most likely further reduction of GO rather than the 
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Lu, Ocola, and Chen Appl. Phys. Lett. 94, 083111 ͑2009͒ contact improvement. However, additional characterization of the contact between GO sheets and Au electrodes is needed before the reduction in resistance, i.e., the exact contribution of the GO reduction, can be fully understood. Both temperature and duration affect the extent of reduction of GO powder as well as the exfoliated material, such as GO sheets. Thermal treatments of GO at 1100°C in vacuum 24 or Ar/ H 2 flow, 15 or at 400°C with hydrazine vapor pretreatment, 24 yielded a significantly reduced material. The inset in Fig. 2 shows transport characteristics of the GO device after the 300°C annealing. The behavior is similar to that of a p-type semiconductor. I ds decreases with increasing gate voltage ͑V g ͒, implying the transport through the reduced GO sheets is dominated by positive charge carriers ͑holes͒. This p-type semiconducting behavior agrees with the results reported for graphene sheets prepared by micromechanically cleaving graphite, 25 and chemically- 26 and thermally-17 reduced GO when they were exposed to an ambient environment. The p-type behavior is most likely due to the polarization of adsorbed molecules ͑e.g., water and O 2 ͒ and/or defects introduced on the graphene sheets during the preparation or reduction process, 27 or even the influence of supporting substrate. 28, 29 For the case of defect-induced changes in electronic properties, p-type nature of graphene was enhanced with increasing structural defects via plasma exposure. 27 This is analogous to multiwalled CNTs whose electronic properties could be altered from metallic to p-type semiconducting with structural deformations. 30 The sensing performance of the reported device is attributed to the effective adsorption of NO 2 on the surface of reduced, p-type GO. NO 2 is a strong oxidizer with electron-withdrawing power; 31 therefore, electron transfer from reduced GO to adsorbed NO 2 leads to enriched hole concentration and enhanced electrical conduction in the reduced GO sheet. Figure 3͑b͒ compares the sensitivities of the device for 100 ppm NO 2 detection after 200 and 300°C annealing. The sensor sensitivity is evaluated as the ratio of ͑G g -G a ͒ / G a , where G a is the sensor conductance in clean air and G g is the sensor conductance in air containing 100 ppm NO 2 . With 300°C annealing, the device showed a sensitivity of ϳ1.56 to 100 ppm NO 2 , higher than that ͑ϳ1.41͒ after 200°C annealing. In addition, it had a faster response when exposed to NO 2 , as evidenced by a steeper slope upon the exposure to NO 2 . This accelerated response is likely due to the creation of more graphitic carbon atoms during the 300°C annealing because molecular adsorption onto sp 2 -bonded carbon ͑lower binding energy required͒ is faster than onto defects. 3 However, the sensor recovery after 300°C annealing became slower as the device did not return to its initial conductance after 30 min exposure to dry air, whereas in the 200°C annealing case the full recovery was achieved under the same exposure condition. Low-temperature heating and UV illumination could be used to accelerate the sensor recovery.
In summary, GO was partially reduced via thermal treatment in Ar flow with temperatures as low as 200°C. The electrical conductance of GO sheets increased due to the removal of oxygen functional groups. The thermally reduced GO demonstrated transport characteristics typical of a p-type semiconductor. A miniaturized gas sensor based on the reduced GO exhibits great room-temperature sensing properties. The simple and low-cost manufacturing process and the wide availability of GO could lead to cost-effective graphene-based gas sensors and other opportunities for graphene.
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